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Abs t rac t  
The acous t ics  o f  an advanced s i n g l e  r o t a t i o n  
SR-3 p r o p e l l e r  a t  c r u i s e  cond i t i ons  a re  s tud ied  
employing a time-domain approach. 
a tes  t h e  acous t ic  s i g n i f i c a n c e  o f  t h e  d i f f e rences  
i n  b lade pressures computed us inq  n o n r e f l e c t i n q  
r a t h e r  than hard  w a l l  boundary cond i t i ons  i n  the  
three-dimensional Eu le r  code so lu t i on .  The d i rec-  
t i v i t i e s  o f  t h e  harmonics o f  t h e  b lade  passing f r e -  
quency tone  and t h e  e f f e c t s  o f  chordwise load ing  on 
tone d i r e c t i v i t y  a re  examined. The r e s u l t s  show 
t h a t  t h e  maximum d i f f e r e n c e  i n  t h e  computed sound 
pressure  l e v e l s  due t o  t h e  use o f  b lade pressure 
d i s t r i b u t i o n s  ob ta ined w i t h  t h e  n o n r e f l e c t i n g  
r a t h e r  than t h e  ha rd  w a l l  boundary cond i t i ons  i s  
about 1.5 dB. The b lade passing frequency tone 
d i r e c t i v i t y  ob ta ined i n  t h e  present  s tudy  shows 
good agreement w i t h  J e t s t a r  f l i g h t  data.  
The s tudy  evalu- 
I n t r o d u c t i o n  
Advanced h i g h  speed p r o p e l l e r s  i nco rpo ra te  
many fea tu res  which a re  q u i t e  d i f f e r e n t  f rom those 
o f  convent iona l  low speed p rope l l e rs .  Advanced 
p r o p e l l e r s  employ e i g h t  o r  t e n  h i g h l y  loaded, l o w  
aspect r a t i o ,  t h i n  and h i g h l y  swept blades. These 
h i g h  speed p r o p e l l e r s  w i t h  t ranson ic  h e l i c a l  t i p  
Mach numbers produce s i g n i f i c a n t l y  more no ise  than 
low speed p rope l l e rs .  Therefore, spec ia l  a t t e n t i o n  
must be pa id  t o  reduc ing  h i g h  speed p r o p e l l e r  noise. 
To accomplish t h i s ,  an understanding o f  t h e  noise 
genera t ion  and r a d i a t i o n  mechanisms and no ise  con- 
t r o l  techniques i s  essen t ia l .  A n a l y t i c a l  models, 
numerical  approaches and exper imental  methods are 
be ing  developed t o  understand and p r e d i c t  h igh- 
speed p r o p e l l e r  no i se  l e v e l ~ . l - ~  
ponents: (1) Thickness no ise  and { Z )  l oad ing  
noise.  The th ickness  no ise  component i s  governed 
by  t h e  geometry o f  t h e  blade and can be computed 
reasonab ly  accura te ly .  The load ing  no ise  component 
depends on t h e  b lade  pressure  d i s t r i b u t i o n ,  which 
has o f t e n  been es t imated by approximate methods f o r  
i n p u t  t o  t h e  acous t ic  computations. 
a vai  1 ab1 i 1 t y  o f  super-computers t h e  b l  ade pressure 
d i s t r i b u t i o n  can be ob ta ined more accu ra te l y  by 
s o l v i n g  t h e  f u l l  three-dimensional Eu le r  equations 
governing t h e  f l o w  f i e l d  o f  a h igh  speed p rope l l e r .  
The b lade pressure d i s t r i b u t i o n s  ob ta ined from 
t h e  E u l e r  ana lys i s  o f  t h e  p r o p e l l e r  f l o w  f i e l d  can 
be employed t o  compute t h e  sound pressure  l e v e l s  of 
advanced p r o p e l l e r  tones by a procedure such as 
t h a t  used by C lark  and Scott .5 They mod i f i ed  the  
P r o p e l l e r  no ise  cons is t s  o f  two dominant com- 
With t h e  
Denton code6 developed f o r  t h e  three-dimensional 
ana lys i s  o f  t h e  f l o w  i n  turbomachines t o  compute 
t h e  p r o p e l l e r  f l o w  f i e l d .  
s i s t e d  o f  moving the  cas ing  away f rom t h e  b lade t i p  
t o  a d is tance o f  tw ice  t h e  b lade r a d i u s  f rom t h e  
a x i s  o f  t h e  p rope l l e r .  I n  o the r  words, t h e  f l o w  
f i e l d  o f  t h e  p r o p e l l e r ,  which i s  unconfined, was 
modeled as though the  p r o p e l l e r  was i n s i d e  a much 
l a r g e r  so l i d -wa l l ed  duc t .  It has been arqued t h a t  
t h e  hard  w a l l  boundary c o n d i t i o n  cou ld  s i g n i f i -  
c a n t l y  a f f e c t  t h e  computed b lade pressure d i s t r i b u -  
t i ons ,  and t h e  no ise  l e v e l s  computed f rom these 
pressure d i s t r i b u t i o n s  cou ld  be s i g n i f i c a n t l y  i n  
e r r o r .  
T h e i r  m o d i f i c a t i o n  con- 
The present  i n v e s t i g a t i o n  was undertaken t o  
e s t a b l i s h  t h e  i n f l uence  o f  t h e  f a r  f i e l d  boundary 
c o n d i t i o n  on t h e  blade pressure d i s t r i b u t i o n  and on 
t h e  no ise  l e v e l s  computed from them. The hard  w a l l  
boundary c o n d i t i o n  i s  rep laced by  a n o n r e f l e c t i n q  
boundary cond i t i on .  The c h a r a c t e r i s t i c  v a r i a b l e  
corresponding t o  the  incoming acous t ic  i n fo rma t ion  
i s  imposed on t h e  boundary. 
d i s t r i b u t i o n s  ob ta ined w i t h  t h i s  boundary c o n d i t i o n  
a re  compared w i t h  those ob ta ined w i t h  t h e  hard  w a l l  
boundary cond i t i on .  The acous t ic  s i g n i f i c a n c e  o f  
t h e  change i n  b lade pressure  d i s t r i b u t i o n s  due t o  
t h e  implementat ion o f  t h e  n o n r e f l e c t i n g  boundary 
cond i t i ons  i s  evaluated. Th is  i s  done by  comput- 
i n g  b lade passing tone d i r e c t i v i t i e s  us ing  t h e  
b lade pressure d i s t r i b u t i o n s  ob ta ined w i t h  t h e  two 
boundar cond i t i ons  as i n p u t  t o  Fa rassa t ' s  computer 
d i r e c t i v i t i e s  a re  compared w i t h  f l i g h t  da ta  
ob ta ined on t h e  SR-3 model p r o p e l l e r  i n s t a l l e d  on 
t h e  J e t s t a r  t e s t  bed a i r c r a f t  as shown i n  Fiq.  1. 
The computed d i r e c t i  v i t i e s  o f  t h e  h ighe r  harmonics 
o f  t h e  b lade passing frequency and t h e  e f f e c t  o f  
chordwise l oad inq  on d i r e c t i v i t y  a re  a l s o  examined. 
The b lade pressure 
program Y f o r  sound pressure l e v e l s .  The computed 
Computation o f  Blade Pressure D i s t r i b u t i o n s  
I n  t h e  present s tudy  we cons ider  t h e  acous t ics  
o f  t h e  SR-3 high-speed p r o p e l l e r  a t  design condi-  
t i o n s .  The b lade pressure d i s t r i b u t i o n s  are  
ob ta ined by  s o l v i n g  t h e  three-dimensional E u l e r  
equat ions employing Denton's t ime marching method. 
As mentioned above, t h e  hard  w a l l  boundary condi-  
t i o n  o f  Ref. 5 f o r  t h e  ou te r  boundary o f  t h e  compu- 
t a t i o n a l  domain represent inq  t h e  p r o p e l l e r  f l o w  
f i e l d  i s  rep laced by a n o n r e f l e c t i n g  boundary con- 
d i t i o n .  The s p e c i f i c a t i o n  o f  t h e  n o n r e f l e c t i n q  
boundary c o n d i t i o n  reduces t h e  i n f l u e n c e  o f  t h e  
l o c a t i o n  o f  t h e  f a r  f i e l d  boundary on t h e  s o l u t i o n .  
Fu r the r  d e t a i l s  o f  t h e  n o n r e f l e c t i n q  boundary con- 
d i t i o n  employed, the  aerodynamic s o l u t i o n s  
1 
obtained, and t h e  comparison o f  t h e  s o l u t i o n s  w i t h  
da ta  and o t h e r  p red ic t i ons  are repo r ted  i n  Ref. 8. 
The b lade pressure  d i s t r i b u t i o n s  ob ta ined f o r  t h e  
SR-3 p r o p e l l e r  b lade a t  design cond i t i ons  (advance 
r a t i o  o f  3.06 and a f l i g h t  Mach number o f  0.8) are  
shown i n  F ig .  2. Pressure d i s t r i b u t i o n s  on t h e  
b lade a re  shown a t  21 ,  53, and 84 percent  span. 
F i r s t ,  i t  i s  seen t h a t  s i g n i f i c a n t  d i f f e r e n c e s  
e x i s t  between t h e  pressure d i s t r i b u t i o n s  ob ta ined 
w i t h  t h e  hard  w a l l  and the  n o n r e f l e c t i n g  boundary 
cond i t i ons .  
w a l l  boundary c o n d i t i o n  are a t t r i b u t e d  t o  t h e  pres-  
sure  r i s e  due t o  t h e  con f in ing  wa l l .  
shown i n  Ref. 8 t h a t  t he  r e s u l t s  ob ta ined w i t h  t h e  
n o n r e f l e c t i n g  boundary cond i t i on  are  i n  b e t t e r  
agreement w i t h  t h e  experimental da ta  than those 
ob ta ined w i t h  a hard  wa l l  boundary cond i t i on .  The 
computed t o t a l  power c o e f f i c i e n t ,  e lemental  power 
c o e f f i c i e n t ,  e lemental  t h r u s t  c o e f f i c i e n t  and t h e  
f l o w  s w i r l  angle downstream o f  t h e  b lade were com- 
pared w i t h  t h e  experimental data. 
The h igher  pressures w i t h  t h e  hard  
It i s  a l so  
F igu re  3 shows chordwise l o a d i n g  d i s t r i b u t i o n s  
P 
i n  terms o f  normal ized d i f f e r e n t i a l  pressure AC 
a t  seven spanwise loca t ions ,  namely 16, 26, 37, 53, 
63, 79, and 95 percent  span. Wi th  t h e  nonre f l ec t i ng  
boundary cond i t i on ,  t h e  pressure d i f f e rence  near 
t h e  l ead ing  edge i s  reduced and t h e  peak near t h e  
t r a i l i n g  edge i s  sharpened compared t o  t h a t  f o r  t h e  
hard  w a l l  boundary cond i t ion .  Th is  chordwise load- 
i n g  d i s t r i b u t i o n  in f luences  t h e  d i r e c t i v i t y  o f  t h e  
b lade passing frequency tone as discussed i n  t h e  
Resu l ts  sec t ion .  The peak i n  t h e  l oad ing  d i s t r i b u -  
t i o n  near t h e  t r a i l i n g  edge i s  due t o  t h e  t r a i l i n g  
edge shock system obs rved i n  t h e  aerodynamic ana l -  
y s i s  and experiments.! I t  i s  i n s t r u c t i v e  t o  no te  
here t h a t  t h e  approximate methods used t o  c a l c u l a t e  
t h e  l oad ing  d i s t r i b u t i o n ,  such as t h a t  o f  tiansong 
(see F ig .  14 o f  Ref. 9), show l i t t l e  evidence o f  a 
t r a i l i n g  edge shock system. The r a d i a l  d i s t r i b u -  
t i o n s  o f  t h e  l oad ing  f o r  t h e  two boundary condi- 
t i o n s  a re  shown i n  F ig .  4. The hard  w a l l  boundary 
c o n d i t i o n  r e s u l t s  i n  a h igher  l oad ing  than t h e  non- 
r e f l e c t i n g  boundary cond i t i ov .  The power c o e f f i -  
c i e n t  c a l c u l a t e d  w i t h  the  hard  w a l l  boundary 
c o n d i t i o n  i s  about 11 percent h ighe r  than t h e  
measured value a t  desiqn cond i t ions ,  w h i l e  t h a t  
ob ta ined w i t h  t h e  nonre f l ec t i ng  boundary c o n d i t i o n  
i s  about 3 percent  lower than t h e  measured value. 
Computation o f  Advanced P r o p e l l e r  Noise 
The b lade pressure d i s t r i b u t i o n s  ob ta ined 
above a re  used as i npu t  t o  t e acous t ic  computat ion 
employing Fa rassa t ' s  c ~ d e . ~ . ! ~  Th is  computer 
code f o r  advanced p rope l l e r  no ise  p r e d i c t i o n  uses a 
t ime  domain fo rmula t ion .  I t  i s  v a l i d  f o r  bo th  near 
and f a r  f i e l d  no i se  ca l cu la t i ons  and handles 
observers f i x e d  t o  t h e  ground frame o r  f i x e d  t o  t h e  
a i r c r a f t  frame. H is  fo rmula t ion  uses two forms o f  
t h e  s o l u t i o n  o f  t h e  Ffowcs-Williams and Hawking 
equat ion  w i t h  th ickness  and load ing  source terms 
on ly .  
sure p ' ( x , t )  o f  a p rope l l e r7  i s  
The governing equation o f  t h e  acous t ic  pres- 
--- 
2 2  c a t  
2 
where c and p o  are  t h e  speed o f  sound and 
d e n s i t y  i n  t h e  und is tu rbed medium respec t i ve l y ,  
and V, i s  t h e  l o c a l  normal v e l o c i t y  on t h e  
b lade  surface, which i s  descr ibed by  t h e  equat ion  
f ( x , t )  = 0. 
f l u i d  by t h e  b lade sur face  i s  li, and a ( f )  i s  
t h e  D i rac  d e l t a  func t i on .  
o f  t h e  s o l u t i o n  of Eq. (1) a re  used t o  c a l c u l a t e  
p r o p e l l e r  no i se  i n  Farassat ' s  code: 
The l o c a l  f o r c e  (pe r  u n i t  area) on t h e  
The f o l l o w i n g  two forms 
g =o 
'lr dr  dT ( t r a n s o n i c )  ( 3 )  +i=, r* s i n  e 
g =o 
where ds i s  an element of sur face  area o f  t h e  
blade f = 0 and d r  i s  an element o f  l eng th  o f  
t h e  curve  o f  i n t e r s e c t i o n  f o r  t h e  sur face  f = 0 and 
t h e  r a d i a t i o n  vec tor  F; = X - j .  S u f f i x  r r e f e r s  
t o  t h e  r a d i a t i o n  d i r e c t i o n .  
V i s  t h e  l o c a l  v e l o c i t y  on t h e  b lade sur face  and 
r^ i s  t h e  u n i t  vector i n  t h e  r a d i a t i o n  d i r e c t i o n .  
e i s  t h e  angle between t h e  sur face  normal and 
the  r a d i a t i o n  vector.  g = T - t + r / c  = 0 i s  
t h e  equat ion  o f  t h e  c o l l a p s i n g  sphere centered  a t  
t h e  observer p o s i t i o n  x, t i s  t h e  observer t ime, 
and T i s  t h e  source t ime. Equat ion ( 2 )  i s  used f o r  
M, < 0.98 and Eq. ( 3 )  i s  used f o r  Mr > 0.98. The 
equat ions a re  so lved numer i ca l l y  us ing  f i n i t e  
d i f f e r e n c e  techniques. 
The upper and lower sur faces  o f  t h e  b lade a r e  
d i v i d e d  i n t o  panels. The computed pressure  d i s t r i -  
b u t i o n  ( f rom t h e  aerodynamic code) on these panels 
i s  used t o  c a l c u l a t e  t h e  acous t ic  p ressure  s igna- 
t u r e  a t  any observer p o s i t i o n .  The c o n t r i b u t i o n s  
o f  a l l  panels a re  added toge the r  t o  o b t a i n  t h e  
acous t ic  pressure p ' (Z , t ) .  The pressure  s igna tu re  
f o r  o n l y  one b lade i s  computed. 
severa l  b lades i s  c a l c u l a t e d  by s h i f t i n g  t h e  s igna- 
t u r e  f o r  one blade i n  t ime  and summing t h e  pres- 
sures f o r  each observer t ime  w i t h i n  a per iod .  The 
acous t i c  p ressure  s igna tu re  i s  then F o u r i e r  ana- 
l yzed  t o  o b t a i n  t h e  spectrum o f  noise.  
M, = V . ?/c ,  where 
- 
The s igna tu re  f o r  
D iscuss ion  o f  Resu l ts  
The computations have been c a r r i e d  o u t  f o r  t h e  
e i q h t  bladed SR-3 model p r o p e l l e r  con f iqu ra t i on  f o r  
t h e  design cond i t i ons  - f l i g h t  Mach number o f  0.8, 
f l i g h t  a l t i t u d e  o f  35 000 ft and an advance r a t i o  
O f  3.06. The d e t a i l e d  pressure  d i s t r i b u t i o n s  on 
t h e  b lade sur faces  ob ta ined f rom t h e  aerodynamic 
Ca lcu la t i ons  a re  used as i n p u t  t o  t h e  acous t i c  com- 
pu ta t i ons .  The r e s u l t s  o f  t h e  computat i  ns and 
comparisons w i t h  t h e  J e t s t a r  f l i g h t  dataf1 a re  
presented and discussed. 
i n  t h e  f l i g h t  t e s t  a re  shown i n  F ig .  5 t o  a i d  
d i scuss ion  o f  t h e  r e s u l t s .  
The microphone pos i t i ons  
Boundary Cond i t i on  E f f e c t s  
F i r s t  we examine t h e  e f f e c t  o f  t h e  f a r  f i e l d  
boundary c o n d i t i o n  employed i n  t h e  aerodynamic 
c a l c u l a t i o n s  on t h e  acous t ic  r e s u l t s .  The blade 
pressure  d i s t r i b u t i o n s  ob ta ined w i t h  t h e  hard wal l  
boundary c o n d i t i o n  and t h e  n o n r e f l e c t i n g  boundary 
c o n d i t i o n  a t  t h e  ou te r  boundary o f  t h e  computa- 
t i o n a l  domain f o r  aerodynamic c a l c u l a t i o n s  a re  used 
t o  c a l c u l a t e  t h e  sound pressure  l e v e l s  o f  t h e  SR-3 
p r o p e l l e r .  F igu re  6 shows t h e  d i r e c t i v i t y  o f  the  
l oad ing  no ise  component o f  t h e  b lade passing f r e -  
quency (BPF) tone l e v e l  f o r  t h e  two cases. I n  t h i s  
f i g u r e  and i n  t h e  subsequent ones f o r  d i r e c t i v i t y ,  
t h e  "p red ic ted "  curves are  l i n e s  drawn through a l l  
t h e  p r e d i c t e d  po in ts .  Sound pressure l e v e l s  com- 
pu ted  w i t h  t h e  pressure d i s t r i b u t i o n s  ob ta ined 
w i t h  t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n  show an 
inc rease  i n  SPL ahead o f  t h e  peak l o c a t i o n  and a 
smal l  decrease behind it, compared t o  those 
ob ta ined w i t h  t h e  hard  w a l l  boundary cond i t ion .  
The maximum d i f f e r e n c e  i n  t h e  SPL occurs i n  t h e  
p lane o f  t h e  p r o p e l l e r  and i s  about 2 dB. 
a l s o  seen t h a t  a l o c a l  minimum e x i s t s  i n  t h e  plane 
o f  t h e  p r o p e l l e r  i n  bo th  cases. 
p l u s  th i ckness )  a re  shown i n  F i g  7. A l so  shown 
are  t h e  J e t s t a r  f l i g h t  t e s t  a a t a l l  f o r  comparison. 
The f l i g h t  da ta  were co r rec ted  f o r  t h e  e f f e c t s  o f  
r e f r a c t i o n  i n  t h e  fuse lage boundary l a y e r  and scat- 
t e r i n g  a t  t h e  sur face  o f  t h e  fuse laqe o r  boom based 
on Ref. 1 2  (see a l so  Ref. 5). The t rends  o f  the  
two curves a re  n e a r l y  t h e  same as i n  Fig.  6: i n  
t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n  case t h e  pre- 
d i c t e d  SPL i s  h ighe r  ahead o f  t h e  peak l o c a t i o n  and 
s l i g h t l y  lower behind it, compared t o  t h e  hard  w a l l  
boundary c o n d i t i o n  case. 
between t h e  two cases i s  a t  t h e  p lane o f  t h e  pro- 
p e l l e r  and i s  about 1.5 dB. It i s  i n t e r e s t i n g  t o  
no te  t h a t  a l though t h e  f a r  f i e l d  hard  w a l l  boundary 
c o n d i t i o n  i s  found t o  r e s u l t  i n  s i g n i f i c a n t  over- 
p r e d i c t i o n s  i n  t h e  aerodynamic ca lcu la t ions ,8  i t  
a f f e c t s  t h e  p red ic ted  SPL o n l y  marg ina l l y .  
f a i r l y  w e l l  w i t h  data, w i t h  the  p r e d i c t i o n s  using 
t h e  n o n r e f l e c t i n g  boundary c o n d i t i o n  q i v i n g  a 
s l i g h t l y  b e t t e r  agreement. 
r a p i d  f a l l - o f f  o f  t h e  fuse lage microphone da ta  i n  
t h e  a f t  quadrant i s  n o t  known. One p o i n t  t o  note 
he re  i s  t h e  fo l l ow ing :  
ob ta ined  w i t h  t h e  n o n r e f l e c t i n q  boundary cond i t ion  
i s  l e s s  than t h a t  w i t h  t h e  hard  w a l l  boundary con- 
d i t i o n  (Fig.  4) ,  t h e  SPL p red ic ted  ahead o f  the  
p r o p e l l e r  i s  h ighe r  i n  t h e  n o n r e f l e c t i n g  case. 
Th is  i s  due t o  t h e  d i f f e r e n c e s  i n  chordwise loadinq 
d i s t r i b u t i o n  between t h e  two cases and w i l l  be 
discussed i n  more d e t a i l  l a t e r  i n  t h i s  paper. 
F igu re  8 shows t h e  d i r e c t i v i t y  o f  t h e  second 
harmonic o f  t h e  BPF. The p red ic ted  l oad ing  noise 
component and t h e  t o t a l  no i se  l e v e l  f o r  t h e  t w o  
boundary cond i t i ons  a re  shown. The t rends  of  the 
two curves  a re  s i m i l a r  t o  those observed i n  
F igs .  6 and 7. However, t h e  d i f f e rences  between 
t h e  SPL l e v e l s  f o r  t h e  two boundary cond i t i ons  are 
smal l .  The agreement o f  t h e  p red ic ted  t o t a l  noise 
l e v e l  w i t h  t h e  da ta  i s  good. 
I t  i s  
The o v e r a l l  sound pressure l e v e l s  ( l oad inq  
The maximum d i f f e rence  
The p red ic ted  sound pressure l e v e l s  agree 
The reason f o r  t h e  
al though t h e  l oad ing  
The spectrum of t h e  l oad ing  component o f  t h e  
p r o p e l l e r  no i se  i s  shown i n  F ig .  9 ,  f o r  t h e  two 
boundary cond i t i ons .  No t i ceab le  d i f f e r e n c e s  i n  SPL 
l e v e l s  o f  t h e  two cases occur o n l y  f o r  t h e  f i r s t  
and second harmonics. F igu re  10 shows t h e  spectrum 
o f  o v e r a l l  no i se  i n  t h e  p lane o f  t h e  p r o p e l l e r .  
Again, t h e  boundary cond i t i ons  a f f e c t  t h e  pred iczed 
SPL l e v e l s  o f  o n l y  t h e  f i r s t  two harmonics. 
F u r t h e r  d iscuss ions  w i l l  be based on t h e  
r e s u l t s  ob ta ined us ing  t h e  b lade pressure d i s t r i -  
bu t i ons  ob ta ined w i t h  t h e  n o n r e f l e c t i n g  boundary 
cond i t i on .  
Chordwise Loading and D i r e c t i v i t y  
E f f o r t s  t o  understand t h e  d i r e c t i v i t y  ob ta ined 
w i t h  t h e  pressure  d i s t r i b u t i o n  f o r  a n o n r e f l e c t i n g  
boundary c o n d i t i o n  (F igs .  6 and 7)  l e d  t o  an exami- 
n a t i o n  o f  t h e  e f f e c t  o f  chordwise l oad inq  on d i r e c -  
t i v i t y .  
f o r  t h e  p r o p e l l e r  r e q u i r e  accura te  es t imates  o f  t h e  
chordwise l oad ing  d i s t r i b u t i o n  has been s t ressed by 
Hanson13 and Farassat .7 
(1) "peaked" chordwise l oad inq  d i s t r i b u t i o n s  should 
be avoided t o  t a k e  advantage o f  t h e  chordwise non- 
compactness, and ( 2 )  s h i f t i n q  t h e  l oad inq  t o  t h e  
t r a i l i n g  edqe causes a phase l a q  which would be  
used t o  promote phase c a n c e l l a t i o n  between s i q n a l s  
f rom d i f f e r e n t  r a d i i  o f  t h e  blade. However, t h e  
e f fec t  of these two f a c t o r s  on d i r e c t i v i t y  i s  n o t  
c l e a r .  
The f a c t  t h a t  accura te  no i se  p r e d i c t i o n s  
Hanson observes t h a t  
To i n v e s t i g a t e  t h e  e f f e c t s  o f  chordwise load- 
i n q  d i s t r i b u t i o n  on t h e  tone d i r e c t i v i t y ,  t h e  load- 
i n g  was increased near t h e  l ead inq  edqe and 
decreased near t h e  t r a i l i n g  edqe along t h e  e n t i r e  
span o f  t h e  blade. F iqures  l l ( a )  and (b )  show t h e  
mod i f i ed  chordwise ( a t  37 percent  span, as t y p i c a l )  
and spanwise load ing  d i s t r i b u t i o n s .  Th is  m o d i f i e d  
l oad inq  r e s u l t e d  i n  a 9 percent  inc rease i n  b lade  
power. The d i r e c t i v i t i e s  ob ta ined w i t h  these load- 
i nqs  a re  compared i n  Fiq.  l l ( c )  a t  t h e  microphone 
p o s i t i o n s  o f  f l i g h t  t e s t .  
l e v e l s  i n  these comparisons have been sca led  t o  t h e  
desiqn power. The modif ied l oad ing  d i s t r i b u t i o n  
r e s u l t s  i n  lower tone l e v e l s  fo rward  of t h e  pro-  
p e l l e r  p lane. The d i r e c t i v i t y  e f f e c t  i s  s i m i l a r  
t o  t h e  r e s u l t s  w i t h  t h e  hard  w a l l  boundary cond i -  
t i o n  i n  Fiqs.  6 t o  8, when a c o r r e c t i o n  i s  a p p l i e d  
f o r  t h e  d i f f e r e n c e  i n  p red ic ted  t o t a l  mechanical 
power l e v e l s .  
The sound pressure 
Acoust ic Pressure Siqnatures and Spectra 
The computed acous t ic  pressure s igna tu re  i n  
t h e  p lane o f  t h e  p r o p e l l e r  (correspondinq t o  t h e  
boom microphone 3)  ' s  hown i n  F ig .  12 along w i t h  
t h e  measured data.ld*lS The aqreement o f  t h e  
p red ic ted  s i  na ture  w i t h  da ta  i s  qood. 
Fa rassa t l47 l8  observes t h a t  t h e  shape of t h e  
acous t ic  pressure s iqnature  depends on t h e  chord- 
wise l oad inq  d i s t r i b u t i o n .  
anqular chordwise load ing  w i t h  t h  peak a t  t h e  
l ead ing  edge produces a wave formfs which i s  i n  
qood agreement w i t h  data. 
i n g  t o  t h e  boom microphone p o s i t i o n s  are  shown i n  
F ig .  13. The agreement of t h e  p red ic ted  l e v e l s  
w i t h  t h e  da ta  i s  good f o r  t h e  f i r s t  t h r e e  harmonics. 
The reason f o r  t h e  d isc repanc ies  a t  h ighe r  
harmonics a re  n o t  known. The new fo rmu la t i on  o f  
He f i n d s  t h a t  a tr i- 
The p red ic ted  and measured spec t ra  correspond- 
3 
F a r a ~ s a t l ~ , ~ ~  a l so  shows such d isc repanc ies .  
Frequency domain ca l cu la t i ons  o f  h ighe r  harmonics 
of advanced p r o p e l l e r s  have n o t  been repor ted .  For  
low speed p r  p e l l e r s ,  frequency domain c a l c u l a t i o n s  
o f  W i l l i  mslq and t ime domain c a l c u l a t i o n s  of 
Farassatf8 show good agreement w i t h  t h e  da ta  up t o  
s i  x harmonics . 
D i r e c t i v i t i e s  o f  t h e  BPF Harmonics 
Here we examine the d i r e c t i v i t i e s  o f  t h e  har-  
monics o f  t h e  BPF and also those o f  t h e  i n d i v i d u a l  
l oad ing  and th ickness  components o f  t h e  harmonics. 
F igu re  14 (a )  shows t h e  thickness, load ing ,  and 
t o t a l  no i se  d i r e c t i v i t i e s  o f  t h e  b lade passing f re -  
quency tone  l e v e l .  
maximum j u s t  a f t  o f  the plane o f  r o t a t i o n  of t h e  
p rope l l e r .  
l o c a l  minimum i n  t h e  plane o f  t h e  p r o p e l l e r .  
d i r e c t i v i t y  o f  t h e  t o t a l  no i se  shows t h a t  t h e  maxi- 
mum no ise  l e v e l  occurs a f t  o f  t h e  p r o p e l l e r  a t  
about 0.25 meters f r o m t h e  p lane o f  r o t a t i o n ,  which 
co inc ides  w i t h  t h e  l oca t i on  i n d i c a t e d  by  t h e  f l i g h t  
data. 
d i r e c t i v i t y  o f  t h e  t o t a l  no i se  r e p o r t e d  i n  
Refs. 12 and 15 a l s o  show t h e  maximum t o  occur a f t  
o f  t h e  p lane o f  r o t a t i o n  o f  t h e  p rope l l e r ,  bu t  
i n d i c a t e  a l o c a l  minimum t o  occur i n  t h e  p lane o f  
r o t a t i o n .  These ca l cu la t i ons  empl t h e  near f i e l d  
f requency domain theory o f  Hanson.P3 The t o t a l  
no ise  d i r e c t i v i t y  ca l cu la t i ons  r e p o r t e d  i n  Ref. 20, 
which use t h e  f a r  f i e l d  f requency domain theo ry  o f  
H a n ~ o n l ~ . ? ~  does n o t  show a l o c a l  minimum i n  t h e  
p lane o f  t h e  p rope l l e r .  The d i f f e r e n c e s  between 
t h e  c a l c u l a t i o n s  o f  the t ime  domain and frequency 
d ~ r n a i n l ~ , ~ ~  approaches cou ld  be due t o  t h e  d i f f e r -  
ences i n  i n p u t  l oad ing  d i s t r i b u t i o n s .  
second harmonics and i t s  components. The t o t a l  
no i se  d i r e c t i v i t y  shows a f a i r l y  good agreement 
w i t h  data. 
d i r e c t i v i t y  w i t h  t h e  data i s  a l s o  observed f o r  t h e  
t h i r d  harmonics (F ig .  14(c ) ) .  The p red ic ted  t o t a l  
no ise  of t h e  f o u r t h  and f i f t h  harmonics (Figs.  14(d)  
and ( e ) )  a re  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  data.  
For these and h ighe r  harmonics t h e  present  numeri- 
c a l  method appears inadequate. F igu re  15 shows t h e  
d i r e c t i v i t i e s  o f  t h e  t o t a l  no ise  o f  t h e  f i r s t  f i v e  
harmonics o f  t h e  BPF f o r  comparison. 
monic number increases, t h e  SPL a t  a l l  angles tends 
t o  decrease. 
p lane o f  r o t a t i o n  a t  the f o u r t h  and f i f t h  harmonics 
may be a r t i f a c t s  o f  the numerics. De ta i l ed  exper i -  
mental d i r e c t i v i t i e s  are unava i lab le .  
The th ickness  no ise  shows a 
The load ing  no ise  component shows a 
The 
The frequency domain c a l c u l a t i o n s  of t h e  
F igu re  14(b)  shows t h e  d i r e c t i v i t i e s  o f  t h e  
S i m i l a r  agreement o f  t h e  t o t a l  no i se  
As t h e  har-  
Amplitude i r r e g u l a r i t i e s  around t h e  
Conclusions 
The acous t ic  s ign i f i cance  o f  t h e  f a r  f i e l d  
boundary cond i t i ons  (hard w a l l  and n o n r e f l e c t i n g )  
employed i n  aerodynamic c a l c u l a t i o n s  has been 
s tud ied .  The present computations show t h a t  t h e  
maximum d i f f e r e n c e  i n  the computed SPL due t o  t h e  
use o f  a hard  w a l l  boundary cond i t i on ,  i n  p lace  of  
a n o n r e f l e c t i n g  boundary cond i t ion ,  i s  about 1.5 
dB. Whi le t h e  acoust ic d i f f e r e n c e  i s  smal l ,  t h e  
n o n r e f l e c t i n g  boundary c o n d i t i o n  i s  c l e a r l y  more 
c o r r e c t  p h y s i c a l l y ,  and has been shown t o  g i v e  
super io r  aerodynamic resu l t s .  The l o c a t i o n  and 
l e v e l  o f  t h e  maximum o f  t h e  BPF tone l e v e l  pre- 
d i c t e d  by  t h e  present  ca l cu la t i ons  a re  i n  agreement 
w i t h  f l i g h t  data. The chordwise l oad ing  d i s t r i b u -  
4 
t i o n  in f luences  t h e  r e l a t i v e  l e v e l s  o f  t h e  SPL f o r e  
and a f t  of  t h e  p r o p e l l e r .  
p r e d i c t i o n  of  harmonics h i g h e r  than t h e  t h i r d  needs 
r e f i n e d  approaches. 
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